The IP 3 R (inositol 1,4,5-trisphosphate receptor) forms tetrameric Ca 2+ channels in ER (endoplasmic reticulum) membranes, where channel activity is largely under the control of the co-agonists IP 3 and Ca 2+ . In cells stimulated using extracellular ligands that persistently elevate phosphoinositidase C activity, IP 3 Rs are rapidly ubiquitinated and then degraded by the proteasome through as yet undefined mechanisms. 
The IP 3 R (inositol 1,4,5-trisphosphate receptor) forms tetrameric Ca 2+ channels in ER (endoplasmic reticulum) membranes, where channel activity is largely under the control of the co-agonists IP 3 and Ca 2+ . In cells stimulated using extracellular ligands that persistently elevate phosphoinositidase C activity, IP 3 Rs are rapidly ubiquitinated and then degraded by the proteasome through as yet undefined mechanisms. Whereas binding of IP 3 has been suggested to be a key event in the triggering of IP 3 265 to Gln mutation, which decreases IP 3 -binding affinity, confirmed that IP 3 -binding also plays a role. Finally, the mutations at Glu 2100 , Asp 2550 and Arg 265 inhibited IP 3 R1 degradation to an extent that paralleled their inhibitory effects on ubiquitination. We conclude that IP 3 R ubiquitination and degradation are triggered by the concerted action of IP 3 -and Ca 2+ -binding.
INTRODUCTION
The effects of the intracellular messenger IP 3 (inositol 1,4,5-trisphosphate) are mediated by IP 3 Rs (IP 3 receptor), which form tetrameric channels in membranes of the ER (endoplasmic reticulum) [1] [2] [3] . These channels govern Ca 2+ release from this organelle, largely under the control of the co-agonists IP 3 and Ca 2+ [1] [2] [3] . In mammals there are three homologous IP 3 Rs, termed type-I, -II and -III receptors, or IP 3 R1, IP 3 R2 and IP 3 R3 [1] [2] [3] . In each case, the IP 3 -binding site is close to the N-terminal, and IP 3 in concert with Ca 2+ binding, causes as yet undefined conformational changes that lead to opening of the Ca 2+ channel, which is found near the C-terminal [2, 3] . The location of this Ca 2+ -binding site is not yet clear [2, 3] although recent studies suggest that it may be at a region termed the 'Ca 2+ sensor', mutation of which markedly inhibits Ca 2+ binding and the ability of Ca 2+ to stimulate channel activity [4, 5] . Indeed, the Ca 2+ sensor may be the site at which Ca 2+ exerts both its activating and inhibitory effects on channel activity [6] .
IP 3 Rs can be rapidly ubiquitinated and degraded by the proteasome in response to activation of GPCRs (G-protein-coupled receptors) that persistently stimulate phosphoinositidase C [7] . This causes a decrease in cellular IP 3 R content (termed 'IP 3 R down-regulation') and is thought to protect cells against excessive increases in [Ca 2+ ] i (cytoplasmic free Ca 2+ concentration) during persistent GPCR activation [7] . It appears to be mediated by the ERAD (ER-associated degradation) pathway [7] , the role of which is to recognize, ubiquitinate and degrade misfolded or aberrant proteins, or unassembled subunits of multimeric complexes [8] .
The most robust example of IP 3 R down-regulation is seen in αT3-1 mouse pituitary cells, in which GnRH (gonadotropin-releasing hormone) rapidly causes IP 3 R1 ubiquitination (within 3 min) and IP 3 R1 degradation (with half-maximal effect at approx. 15 min) [9] [10] [11] .
The events that trigger IP 3 R ubiquitination remain to be resolved. However, it does appear that IP 3 plays an important role since only those GPCRs that persistently activate phosphoinositidase C and elevate IP 3 concentration cause IP 3 R ubiquitination [12] . In addition microinjection of an IP 3 analogue into mouse oocytes causes proteasome-mediated IP 3 R down-regulation [13, 14] and a mutant IP 3 R1 lacking residues 316-352, that does not bind IP 3 , is resistant to ubiquitination [15] . Whether Ca 2+ also contributes to the triggering of ubiquitination has yet to be established, but involvement is hinted at by studies showing that IP 3 R ubiquitination is blocked by thapsigargin, which inhibits the Ca 2+ -ATPase activity that fills ER Ca 2+ stores [10, 12] . A role for Ca 2+ in this process is an attractive notion, since Ca 2+ -, but not IP 3 -binding causes large conformational changes in IP 3 R1 tetramers [3, 16] . This could be potentially important in the triggering of IP 3 R ubiquitination because these conformational changes may make activated receptors appear non-native and allow for recognition by components of the ERAD pathway [8] .
Herein we describe studies that examine the possible role of Ca 2+ in triggering IP 3 R ubiquitination, using αT3-1 cells expressing exogenous IP 3 R1 point-mutated at critical residues and agents that suppress increases in [ that Ca 2+ -binding to the Ca 2+ sensor is required to trigger IP 3 R ubiquitination and suggest that the Ca 2+ which passes through activated IP 3 R channels is key to this process.
EXPERIMENTAL

Materials
αT3-1 and HEK-293 (human embryonic kidney-293) cells were obtained and maintained as described previously [10, 17] . Rabbit polyclonal anti-IP 3 R1, which recognizes both endogenous IP 3 R1 and exogenous IP 3 R1-HA [10] , was raised against the C-terminus of rat IP 3 R1 [18] . Mouse monoclonal anti-(FLAG epitope) (clone M5) was purchased from Sigma, anti-[HA (haemagglutinin) epitope] (clone HA11) was from Covance (Berkeley, CA, U.S.A.), anti-ubiquitin (clone FK2) was from Affiniti (Exeter, U.K.), and anti-IP 3 R3 was from B. D. Biosciences. GnRH, thapsigargin, nifedipine and fura 2/AM (fura 2 acetoxymethyl ester) were from Sigma, and BAPTA/AM [bis-(o-aminophenoxy)-ethane-N,N,N ,N -tetra-acetic acid tetrakis(AM)] was from Biomol. Reagents for immunoprecipitation, electrophoresis and immunoblotting were obtained as described previously [10] [11] [12] .
Transfection and analysis of αT3-1 cells
Cells were seeded into six-well Falcon plates at a density of 2.0-2.5 × 10 6 /well and were transfected 24 h later by adding 1 ml of fresh culture medium containing a complex of cDNA and 9 µl of Superfect (Qiagen), followed 4 h later by the addition of another 1 ml of culture medium. The cDNAs used were: pUb-FLAG, which encodes ubiquitin tagged at the N-terminus with the FLAG epitope and was kindly given by Dr I. Dikic (Frankfurt University Medical School, Germany); pcDNA3 (empty vector used as a control, Invitrogen); pcI 3 , which encodes rat IP 3 R3 and was kindly given by Dr G. Bell (University of Chicago, U.S.A.) and pcWIHA, which encodes wild-type mouse IP 3 R1 tagged at the C-terminus with an HA epitope (IP 3 R1-HA) [10] . pcWIHA was mutated using the QuikChange kit (Stratagene) and primer pair 5 -gcatgtgttcctgcagaccaccggcag-3 and 5 -ctgccggtggtctgcaggaacacatgc-3 to encode R265QIP 3 R1-HA, primer pair 5 -ctggccatcatggctagcagacacgatagtg-3 and 5 -cactatcgtgtctgctagccatgatggccag-3 to encode E200DIP 3 R1-HA and primer pair 5 -ggaggggtaggcgccgtgctcaggaagcc-3 and 5 -ggcttcctgagcacggcgcctacccctcc-3 to encode D2550AIP 3 R1-HA. The primer pairs also introduced Pst I, Nhe I, and Nar I sites, respectively, to facilitate screening. The correct introduction of the desired mutations was confirmed by sequencing. At 24 h after transfection the cells were exposed to stimuli or inhibitors and were harvested by adding 0.7-1.0 ml of ice-cold lysis buffer (50 mM Tris, 150 mM NaCl, 1 % Triton X-100, 1 mM EDTA, 0.2 mM phenylmethylsulphonyl fluoride, 10 µM leupeptin, 10 µM pepstatin, 0.2 µM soybean trypsin inhibitor and 1 mM dithiothreitol, pH 8.0). After incubation for 30 min at 4
• C and centrifugation (16 000 g for 10 min at 4
• C), IP 3 R1s were immunoprecipitated from supernatants by overnight incubation at 4
• C with Protein A Sepharose CL-4B and anti-IP 3 R1 (to purify endogenous IP 3 R1 and exogenous IP 3 R1-HAs), or anti-HA (to purify just exogenous IP 3 R1-HAs). Immune complexes were then isolated by centrifugation (500 g for 15 s), washed twice with 1.5 of ml ice-cold lysis buffer and were resuspended in 2 × gel-loading buffer [12] . Samples were then subjected to 5 % SDS/PAGE, transferred to nitrocellulose and probed as described prevsiously [10] . In a number of experiments, non-transfected cells were processed identically to monitor the ubiquitination of endogenous IP 3 R1. Immunoreactivity was detected with chemiluminescence using reagents from Pierce (Rockford, IL, U.S.A.) and images were digitally captured and immunoreactivity quantifed using GeneGnome (Syngene).
Measurement of [ 3 H]IP 3 binding
HEK-293 cells were transfected with Superfect and IP 3 R1-HAs, and were immunopurified using anti-IP 3 R1 as described previously [17] . [ 3 H]IP 3 binding to the immune complexes was then assessed as described previously [19] .
Measurement of [Ca 2+ ] i
αT3-1 cell monolayers were harvested in Hepes-buffered saline/ EDTA [12] , washed twice in Krebs/Hepes buffer [12] and were resuspended at approx. 3 mg protein/ml in the same buffer supplemented with 8 µM fura 2/AM. After 1 h in the dark at 37
• C, cells were centrifuged at 500 g for 2 min, resuspended in approx. 0.5 mg protein/ml in Krebs/Hepes buffer, transferred to a cuvette and [Ca 2+ ] i was assessed as described previously [12] . When included, BAPTA/AM was added for the final 0.5 h of the fura 2/AM loading period; the other inhibitors were added to the cuvette just before GnRH.
Data presentation and analysis
Results shown are representative of at least two independent experiments. Combined data are the mean + − S.E.M. (n 3). Concentration-response data were fitted to sigmoidal curves, EC 50 values ( Figures 1B and 2D ) and half-maximal saturation values ( Figure 2A ) were determined using Prism 4 (GraphPad Software, Inc).
RESULTS
Measurement of exogenous IP 3 R1-HA ubiquitination
Within seconds GnRH receptor activation in αT3-1 cells causes large and sustained increases in IP 3 concentration [11, 20] and biphasic increases in [Ca 2+ ] i [11, 20] , and within minutes ubiquitination and down-regulation of IP 3 R1 [9] [10] [11] , the predominant endogenous IP 3 R in this cell type [9, 10] . To monitor the ubiquitination of exogenous IP 3 Rs, we co-transfected αT3-1 cells to express pUb-FLAG and IP 3 R1-HA and immunoprecipitated IP 3 R1-HA with anti-HA. We used this co-transfection approach because transfection efficiency is relatively low (5-10 %) in αT3-1 cells [10] and we have shown previously that under these conditions endogenous IP 3 R1 does not oligomerize with exogenous IP 3 R1-HA and thus exogenous IP 3 R1-HA ubiquitination can be accurately assessed [10] . Figure 1 (A, upper panel lanes 11-15, and 1B) shows that GnRH stimulates exogenous IP 3 R1-HA ubiquitination with an EC 50 of approx. 0.5 nM. Control experiments were also performed, in which cells expressing only Ub-FLAG (lanes 1-5) or Ub-FLAG plus IP 3 R1-HA (lanes 6-10), were immunoprecipitated with anti-IP 3 R1, which immunopurifies both endogenous IP 3 R1 and exogenous IP 3 R1-HA [10] . This demonstrated that GnRH stimulates endogenous IP 3 R1 ubiquitination ( Figure 1A , lanes 1-5, and 1B) with an EC 50 of approx. 1.2 nM, similar to that seen for IP 3 R1-HA, indicating that the endogenous and exogenous receptors are similarly sensitive to the enzymes that mediate ubiquitination. However, as previously noted [10] , exogenous IP 3 R1-HA was ubiquitinated, under basal conditions, to a greater extent than endogenous IP 3 R1 (compare Figure 1A, lanes 1 and 11 with 1B) . Furthermore, the control experiments also showed that the ubiquitin signal, obtained when endogenous IP 3 R1 and exogenous IP 3 R1-HA were immunoprecipitated (EC 50 approx. 0.4 nM; Figure 1A , lanes 6-10 and 1B), Figure 1 , αT3-1 cells were transfected with cDNAs encoding Ub-FLAG and wild-type or mutant IP 3 R1-HAs and were exposed to GnRH for 10 min. Cell lysates were then prepared, incubated with anti-HA and immunoprecipitated proteins were probed with anti-FLAG or anti-IP 3 R1 antibodies to identify ubiquitinated IP 3 Rs (square bracket, approx. 275-380 kDa) or IP 3 R1-HAs (arrowhead, approx. 270 kDa) respectively. (D) FLAG immunoreactivity from at least seven independent experiments was quantified and combined; * denotes significant differences from wild-type immunoreactivity (P < 0.05) by unpaired Student t-test. (E) αT3-1 cells were transfected with 0.4 µg of pcDNA3 and approx. 0.04 µg of wild-type or mutant IP 3 R1-HA cDNAs and were exposed to 10 nM GnRH for 0-60 min. Cell lysates were then prepared, incubated with anti-IP 3 R1 and immunoprecipitated proteins were probed with anti-HA or anti-IP 3 R1 to identify exogenous IP 3 R1-HAs (arrowhead), or endogenous IP 3 R1 (arrow) respectively. (F) Immunoreactivity from four independent experiments was quantified and combined; * denotes significant differences from wild-type immunoreactivity (P < 0.05) by unpaired t-test.
was approximately twice that seen when only IP 3 R1 was immunoprecipitated ( Figure 1A, lanes 1-5) indicating that IP 3 R1-HA is expressed at high levels in the transfected cells. Probing the immunoprecipitates with anti-HA showed that IP 3 R1-HA was immunopurified equally well by anti-IP 3 R1 and anti-HA (Figure 1A, middle panel lanes 6-15) . Probing with anti-IP 3 R1 ( Figure 1A , lower panel) confirmed that endogenous IP 3 R1 (approx. 260 kDa) did not co-immunoprecipitate with IP 3 R1-HA (approx. 270 kDa, long exposure; Figure 1A, lanes 11-15) , that down-regulation of endogenous IP 3 R1 was beginning to occur (short exposure; Figure 1A , lanes 4 and 5, and, 9 and 10) and that expression of IP 3 R1-HA did not markedly increase total IP 3 R1 immunoreactivity (short exposure; Figure 1A , compare lanes 6-10 with 1-5), consistent with the relatively low transfection efficiency. Overall, these experiments indicate that exogenous IP 3 R1-HA is expressed at relatively high levels in transiently transfected αT3-1 cells and that it is ubiquitinated in response to GnRH similarly to endogenous IP 3 R1.
Effects of mutations on IP 3 R1-HA ubiquitination and down-regulation IP 3 R1-HA was point-mutated at sites known to modify receptor properties. Arg 265 was mutated to glutamine (R265Q), since this has been reported to block IP 3 binding [21] and should allow for a more precise analysis of the role of IP 3 binding in triggering ubiquitination than that obtained from analysing deletion mutants [15] . Glu 2100 was mutated to asparagine (E2100D), since this decreases the binding affinity of Ca 2+ to the Ca 2+ sensor [5] by approx. 10 fold and also the affinity of Ca 2+ as a stimulus for channel activity [4, 5] , which should help to define the role of Ca 2+ . Likewise, Asp 2550 was mutated to alanine (D2550A), since this blocks Ca 2+ passage through the channel pore [22, 23] . As shown in Figure 2(A) , each of the mutants bound IP 3 in a similar manner to wild-type receptor, except for R265QIP 3 R1-HA, for which binding-affinity was decreased at least 30 fold. We also examined whether the mutations had gross effects on receptor characteristics by assessing oligomerization (co-immunoprecipitation) with coexpressed exogenous IP 3 R3. Figure 2 Figure 2C lanes 13-15, and 2D) was not ubiquitinated at all indicating that the interaction of Ca 2+ with the Ca 2+ sensor also contributes to the triggering process. Interestingly D2550AIP 3 R1-HA ( Figure 2C, lanes 3-7, and 2D ; EC 50 approx. 0.8 nM) was ubiquitinated similarly to IP 3 R1-HA although maximal ubiquitination was decreased by approx. 30 % suggesting that Ca 2+ flux through channels formed by IP 3 R1-HA contributes to triggering IP 3 R1-HA ubiquitination. It is important to remember that the endogenous IP 3 Rs present in αT3-1 cells will mediate increases in [Ca 2+ ] i after GnRH addition even when exogenous receptors that don't release Ca 2+ (e.g. D2550AIP 3 R1-HA) are expressed. Thus the observation that D2550AIP 3 R1-HA was ubiquitinated relatively well does not argue against a role for Ca 2+ in triggering ubiquitination, since sufficient Ca 2+ to support D2550AIP 3 R1-HA ubiquitination could be released by endogenous IP 3 R1s. Rather, the results obtained using D2550AIP 3 R1-HA show that the Ca 2+ that triggers the ubiquitination of a particular IP 3 R tetramer does not have to be released by that same tetramer. This in turn shows that the resistance of E2100DIP 3 R1-HA to ubiquitination cannot be explained by impaired Ca 2+ mobilization via this mutant.
To support these findings, we examined whether these mutations affected IP 3 R1-HA down-regulation. Previously, we showed that IP 3 R1-HA expressed in SH-SY5Y cells could be down-regulated, albeit more slowly than endogenous IP 3 R1 and we suggested that the HA tag retarded the down-regulatory process [27] . Although our initial studies using αT3-1 cells confirmed that IP 3 R1-HA was degraded more slowly that endogenous IP 3 R1 ( Figure 1A) , we subsequently found than if the amount of IP 3 R1-HA expressed was markedly decreased then down-regulation similar to that seen for endogenous IP 3 R1 could be observed (Figure 2E, lanes 1-4, and 2F) . Thus it appears that it was not the HA tag that retarded down-regulation, but rather the extent to which IP 3 R1-HA was over-expressed [27] . Figures 2(E) and 2(F) also show that each of the mutations inhibited down-regulation and the extent to which the mutants were down-regulated correlated well with the extent to which they were ubiquitinated ( Figure 2C  and 2D) .
Taken together these results indicate that both IP 3 [24] . Both agents inhibited increases in [Ca 2+ ] i , and in combination dramatically decreased GnRH-induced effects ( Figure 3A) . Thapsigargin effects were also examined and shown to cause a relatively slow increase in [Ca 2+ ] i and markedly decrease subsequent responsiveness to GnRH ( Figure 3B ). We first examined the effect of these agents on endogenous IP 3 R1s and confirmed that thapsigargin completely blocked the induction of Figure 1 , αT3-1 cells were transfected with 0.5 µg of Ub-FLAG cDNA and approx. 0.1 µg of wild-type IP 3 R1-HA or D2550AIP 3 R1-HA cDNA. As in Figure 3 , cells were preincubated with 25 µM BAPTA/AM and/or 1 µM nifedipine (B/N), thapsigargin (TG), BAPTA/AM (25 µM ) for 30 min (B) or 1 µM nifedipine for 1 min (N) and were then incubated without or with 10 nM GnRH for 10 min. Cell lysates were then prepared, incubated with anti-HA and immunoprecipitated proteins were probed with anti-FLAG or anti-IP 3 R1 to identify ubiquitinated IP 3 Rs (square bracket, approx. 275-380 kDa) or IP 3 R1-HAs (arrowhead, approx. 270 kDa) respectively. FLAG immunoreactivity from at least nine independent experiments was combined and quantified.
ubiquitination, demonstrating that unperturbed ER Ca 2+ stores are required for this process ( Figure 3C, lane 4) . Surprisingly, given their ability to suppress [Ca 2+ ] i , BAPTA/AM and nifedipine in combination did not affect ubiquitination ( Figure 3C, lane 3 [25, 26] , may be insufficient to affect ubiquitination.
To explore this issue further, we examined inhibitor effects on the ubiquitination of exogenous wild-type IP 3 R1-HA and D2550AIP 3 R1-HA ( Figure 4 ). As expected thapsigargin blocked GnRH-induced ubiquitination of both receptors ( Figure 4A , upper panel, lanes 6 and 12) and also as expected BAPTA/AM plus nifedipine did not inhibit the ubiquitination of IP 3 R1-HA ( Figure 4A, lane 5) . Significantly, however, the ubiquitination of D2550AIP 3 R1-HA was almost completely blocked by BAPTA/ AM plus nifedipine ( Figure 4A , lane 11), due to contributions from each agent ( Figure 4B, lanes 3 and 4) . The most logical explanation of these results is that BAPTA/AM plus nifedipine can to some extent suppress increases in [Ca 2+ ] i in the vicinity of exogenous IP 3 Rs and that the Ca 2+ released by exogenous wild-type IP 3 R1-HA counters this suppression and thus its ubiquitination is maintained. The same argument can be used to explain why endogenous IP 3 R1 ubiquitination is not affected by BAPTA/AM and nifedipine ( Figure 3C ). By contrast, because D2550AIP 3 R1-HA cannot form active Ca 2+ channels an equivalent release of Ca
2+
is not attained and ubiquitination is suppressed. The observation that exogenous IP 3 R1-HAs contribute significantly to Ca 2+ mobilisation is plausible given their abundance in transfected αT3-1cells ( Figure 1 ) and previous studies showing that they can form functional channels [27] . 3 , with potassium or thapsigargin did not cause IP 3 R down-regulation or ubiquitination [10, 12, 28] suggesting that if Ca 2+ was involved it did not act in isolation. In fact, thapsigargin was found to block IP 3 R ubiquitination leading to the proposal that Ca 2+ flux through channels formed by IP 3 Rs might be required [10, 12] . Our current results from analysis of exogenous mutant receptors now provide direct evidence that Ca 2+ plays a role in triggering ubiquitination.
The effect of the E2100D mutation is central to this conclusion. This conservative mutation at the Ca 2+ sensor decreases the Ca 2+ -binding affinity of this region, from 0.16 µM to 1.0 µM [5] , and increases the Ca 2+ concentration required to cause maximal channel opening, from 0.3 µM to 3 µM when IP 3 R1s are expressed in DT40 3KO cells [4] and increases the Ca 2+ concentration required for maximal open probability of reconstituted purified IP 3 R1s from 0.2 to 1.5 µM Ca 2+ [5] . These effects are not due to gross structural changes [5] and our results show that E2100DIP 3 R1-HA oligomerizes normally. Importantly, the channels formed by E2100D mutant receptors are sensitive to IP 3 and attain similar activity levels to wild-type receptors if Ca 2+ concentration is raised sufficiently [4, 5] The D2550A mutation, which blocks Ca 2+ flux through the channel pore [22, 23] , allowed us to gain insight into the source of Ca 2+ that supports ubiquitination. On the one hand, as D2550AIP 3 R1-HA was ubiquitinated fairly efficiently, it is clear that IP 3 Rs do not have to actually release Ca 2+ to be ubiquitinated. On the other hand, as D2550AIP 3 R1-HA was ubiquitinated approx. 30 % less efficiently than the wild-type exogenous receptor, Ca 2+ released via exogenous receptors does appear to contribute to triggering their ubiquitination.
Thus, in the case of D2550AIP 3 R1-HA, it is likely that the Ca 2+ required for ubiquitination originates from endogenous IP 3 R1s, whereas for IP 3 R1-HA it comes from both exogenous and endogenous receptors. This view is supported by the finding that D2550AIP 3 R1-HA ubiquitination is strongly inhibited by BAPTA/AM/nifedipine, whereas ubiquitination of wild-type receptors is not. Given that BAPTA/AM/nifedipine dramatically decreases global increases in [Ca 2+ ] i , these results also suggest that the Ca 2+ which triggers IP 3 R ubiquitination may be in the spatially-restricted zones of elevated Ca 2+ concentration that occur in the vicinity of functioning IP 3 Rs [25, 26] .
Thus the picture which emerges is that Ca 2+ , by virtue of its interaction with the Ca 2+ sensor, is a trigger for ubiquitination and that the relevant Ca 2+ originates from activated IP 3 Rs and is localized to zones of active Ca 2+ release. Ca 2+ is not the primary trigger, however; this is demonstrated by the observation that R2565QIP 3 R1-HA, which binds IP 3 with low affinity, is only ubiquitinated at high GnRH concentrations (> 1 nM). If Ca 2+ was the primary trigger, then the endogenous IP 3 R1-mediated increases in [Ca 2+ ] i in cells expressing R265QIP 3 R1-HA would be sufficient to strongly activate R265QIP 3 R1-HA ubiquitination at low GnRH concentrations (e.g. 1 nM), as in the case of wildtype receptor and D2550AIP 3 R1-HA. Instead IP 3 and Ca 2+ may act in concert to trigger ubiquitination, similar to the way in which they act as co-agonists for channel activation. In the case of E2100DIP 3 R1-HA, IP 3 -binding without Ca 2+ -binding does not trigger ubiquitination and in the case of R265QIP 3 R1-HA, Ca 2+ -binding without IP 3 -binding does not trigger ubiquitination. This raises the possibility that the same conformational changes that lead to channel opening also trigger ubiquitination. Intriguingly, analysis of IP 3 R1 tetramers has indicated that Ca 2+ -binding can cause major structural rearrangements, whereas the effects of IP 3 are undetectable [16] and it has been suggested that structural changes to the Ca 2+ sensor may underpin the effects of Ca 2+ [5] . As substrate recognition by the ERAD pathway is thought to be triggered by the exposure of hydrophobic sequences [8] , we suggest that channel opening makes IP 3 Rs expose such regions, and that this allows them to be recognized as targets for ubiquitination. 
